La spectroscopie de transitoires de capacitg peut Ctre utilisge pour caractgriser les super-r6seaux et les d6fauts qu'ils contiennent. Ici nous dgcrivons la mesure de section de capture d'Qlectrons sur des niveaux profonds introduits par irradiation df61ectrons. La variation du taux de capture avec la tempgrature indique que cette capture se produit par Qmission multiphonon, dont les caractgristiques peuvent Gtre pr&dites en prenant en compte la structure de bande du superr6seau. ABSTPACT Transjent capacitance spectroscopy can be used to characterize superlattices and the defects they contain. Here, we describe the measurement of electron capture cross-sections of deep levels introduced by electron irradiation. The variation of the capture rate versus temperature indicates that this capture occurs through a multiphonon emission process whose characteristics can be predicted in taking into account the superlattice band structure.
I -INTRODUCTION
Band edge discontinuity and position of the superlattice miniband are fundamental parameters required for device modeling. One original way to study these parameters is the use of deep levels as local probes [I] . Such defects are highly localized (the wave function extension is typically limited to the first neighbor shell) so that they are not sensitive to the surrounding potential wells, even for narrow thickness of the well (-20 A). Then, the corresponding energy levels (relatively to the original bulk materials, i.e. GaAs or GaAlAs in the case considered here) remain the same in the superlattice structure as in the bulk materials. Therefore, when these energy levels are known in the two bulk materials, a study of the electronic transitions from the defect level to the bands provides direct information on the superlattice-band structure. Such type of study has been performed on periodic (20 -20 A ) , GaAs-GaAlAs (30 % Al) n-type Si (3 x 1016 cm-3), 1.7 pm thick structures using as probes defects created by electron irradiation [2] . These defects are detected using Deep Level Transient Spectroscopy (DLTS). In the superlattice, four main defects, labelled SEl, SE2, SE3 and SE4 are detected which are located respectively at 0.140, 0.185, 0.34 and 0.55 eV below the bottom of the first conduction miniband. Using the fact that the energy level positions. SE, for a defect in a superlattice are related to those of GaAs (Ei) and GaAlAs (Ek) through SEi = Ei + 6 and SEk = Ek -A + 6 (1) where 6 and A are respectively the position of the bottom of the superlattice miniband above the conduction band edge of GaAs and A the cond~tction band discontinuity. From the results obtained we deduced 6 = 0.140 eV -nd A = 0.270 eV (see Table I ), i.e. a 64 -5 6 % offset in good agreement with recently ~ublished data [3, 4] . In fact, relation (1) is well verified for the levels SE1 and SE2, but poorly for SE3 and SE4. This discrepancy may be explained by the existence of an activation energy (EB) associated with the capture cross-section.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1987552 DLTS provides an apparent ionization energy which is the sum, ET + EB, where ET is the ionization energy for the emission of an electron from the defect to the conduction band (i.e. the location of the energy level in the gap). As to EB, it is a barrier (see figure 1 ) which reflects the fact that the capture cross-section is thermally activated when it occurs via a multiphonon (MPE) process [ 5 , 7 ] . Consequently, in order to obtain a good fit of expression (1) with the experimental results, it is necessary to perform independent measurements of the defect capture cross-section u versus temperature in order to determine EB.
JOURNAL DE PHYSIQUE T a b l e I -C h a r a c t e r i s t i c s o f t h e d e f e c t s ( i o n i z a t i o n energy ET and b a r r i e r .EB) i n t r o d u c e d by e l e c t r o n i r r a d~' a t i o n i n GaAs
The aim of this communication is to describe measurements of 0, performed for some of the observed defects, in order to obtain EB and to examine the change of the capture rate which occurs when a defect is placed in the superlattice. We shall see that this change can be accounted for by the new band structure, as is expected when the capture occurs through the MPE process.
I1 -EXPERIMENTAL RESULTS

The s t u d y o f t h e c a p t u r e k i n e t i c s i s performed u s i n g f i l l i n g p u l s e s of width t p i n t h e r a n g e 50 n s -20 ms. The k i n e t i c s , g i v e n by t h e a m p l i t u d e A o f t h e DLTS p e a k v e r s u s tp a l l o w s t o d e t e r m i n e o [ 8 ] f o r a given t e m p e r a t u r e . The measurements performed f o r v a r i o u s e m i s s i o n r a t e s p r o v i d e a ( T ) which i s f i t t e d by
i n o r d e r t o o b t a i n EB.
The r e s u l t s a r e t h e f o l l o w i n g : 1. SE1 and SE2 a r e a l r e a d y f i l l e d f o r t, = 50 n s 2 .
I t h a s n o t been p o s s i b l e t o make a p r e c i s e a n a l y s i s i n t h e c a s e of SE3 b e c a u s e t h i s l e v e l j u s t a p p e a r s a s h o u l d e r o f t h e main peak SE4 [ I ] .
. As t o SE4, i t s c a p t u r e c r o s s -s e c t i o n v a r i e s w i t h t e m p e r a t u r e , a s shown i n f i g u r e 2 , a n d we d e t e r m i n e , u s i n g t h e s l o p e o f A c t p ) n e a r t h e o r i g i n o r a f i t t i n g p r o g r a m o n a i l t h e e x p e r i m e n t a l p o i n t s , EB = 0.145 t 0.055 eV. (The l a r g e e r r o r i s r e l a t e d t o t h e f a c t t h a t we used two d i f f e r e n t t e c h n i q u e s t o m e a s u r e E B ) . I f we c o m p a r e t h e v a l u e found f o r EB w i t h t h e one we can deduce f r o m t h e d i r e c t measurement of ET + EB by DLTS and from t h e v a l u e o f ET which i s p r e d i c t e d by e q u a t i o n ( I ) , ( s e e T a b l e I ) , t h e agreement i s good.
F i~u r e 2 Amplitude o f t h e c a p a c i t a n c e t r a n s i e n t verstrs f i l l i n g time for the d e f e c t 3x4 a t var1'ou-s temperatures.
I V -DISCUSSION H e r e we s h a l l d i s c u s s t h e r e s u l t o b t a i n e d f o r SE4 and examine i f it can b e a c c o u n t e d f o r i n t e r m s o f a m u l t i p h o n o n c a p t u r e by i n t r o d u c i n g t h e s u p e r l a t t i c e b a n d s t r u c t u r e . I n t h e MPE p r o c e s s EB i s t h e b a r r i e r LIE, , n o t e d on t h e c o n f i g u r at i o n c o o r d i n a t e diagram of f i g u r e 1 , t h a t an e l e c t r o n i n t h e c o n d u c t i o n band must o v e r c o m e t o g e t on t h e l o c a l i z e d s t a t e ET. The a b s c i s s a Q, a t which t h e two c u r v e s Ec(Q) and ET(Q) c r o s s e a c h o t h e r , c o r r e s p o n d i n g t o t h e t o t a l e n e r g i e s of t h e d e f e c t w i t h t h e e l e c t r o n i n t h e band and w i t h t h e e l e c t r o n l o c a l i z e d on ET r e s p e c t i v e l y , p r o v i d e s t h e b a r r i e r
Taking t h e o r i g i n of t h e e n e r g i e s a t t h e middle of t h e gap Eg, we can w r i t e :
where k = MU' (M is the reduced mass and w the phonon pulsation) and d~ the Franck Codon Shift. Thus, in bulk material,
In the superlattice, equation (3) is remplaced by :
for a GaAs layer and
for a GaAlAs layer which lead to ;
in GaAs and
in GaAlAs
The constant k and I remain the same as in the bulk material since the defect being localized, keeps the characteristical properties it has in the bulk.
Consider now the defect SE4, which we know corresponds to a level (E3) in GaAs whose characteristics are : ET = 0.30 eV ( 2 ) , EB = 0.10 eV (2) and d~~ = 0.075 to 0.2 eV (9). Equation (10) then provides E' = 0.25 to 0.55 eV. The agreement with the experimental result is poor, probably %ue to the large uncertainty on dF and to the fact that SE4 contains a second component E'3 (see Table I ).
ow ever: for the defect SE3 which corresponds to the defect E2 in GaAs (ET = 0.14 eV, EB = 0) we get E' = 0.055 eV in good agreement with the value (0.06 eV) deduced by equation (1) . B
In conclusion, these preliminary measurements of capture cross-sections for defects in GaAs-GaAlAs superlattices indicate that the capture occurs through a multiphonon process as in the original bulk material. A simple model of configuration coordinate diagram seems to be sufficient to allow a reasonable prediction of these quantities.
